The cooperative medium access control (CoopMAC) protocol in the presence of randomly distributed nodes and shadowing is considered. The nodes are assumed to be distributed according to a homogeneous 2-D Poisson point process. A new scheme is proposed for helper selection and throughput performance analysis, which depends on the shadowing parameters as well as the distribution of helpers. In the proposed protocol, the potential helpers are divided into several tiers based on their cooperative transmission rate in a way that the lower the tier index, the higher its priority. When there are several helpers of the same tier, the helper that is less affected by shadowing is chosen for cooperation. The helper tiers are classified into five different classes according to their operating regions. Then, upper and lower bounds are derived for the average cooperative throughput of the proposed CoopMAC scheme by using this classification. It is observed that the proposed scheme readily outperforms the conventional CoopMAC protocol in having larger average throughput. It is also seen that the cooperative throughput of the proposed scheme approaches the upper bound when the density of nodes increases.
I. INTRODUCTION
T HE broadcast nature of the wireless medium is one of the most important features of wireless communication networks. A direct consequence of this feature is that the transmission between any two nodes can be overheard by the other nodes of the network. As a result, a source node can make use of the other nodes (referred to as helpers in the sequel) to improve performance measures such as throughput, bit error rate (BER) and diversity gain.
In recent years, many studies have been conducted on cooperation between nodes in the medium access control (MAC) layer. Some of the protocols proposed for the MAC layer are based on the IEEE 802.11 Standard [1] . In this standard, a multirate scheme is employed for establishing a connection The authors are with the School of Electrical and Computer Engineering, College of Engineering, University of Tehran, Tehran 1439957131, Iran (e-mail: homanikbakht@ut.ac.ir; rabiei@ut.ac.ir; vmansouri@ut.ac.ir).
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Digital Object Identifier 10.1109 10. /TWC.2017 between two nodes in a wireless local area network (WLAN). An important drawback of the above multirate scheme is the fact that for transmitting the same amount of data, low-rate links make the channel busy for a longer time than the highrate links. A possible approach to overcome this deficiency is to make use of an appropriate helper to retransmit the source signal to destination and reduce the total transmission time, i.e., a cooperative MAC (CoopMAC) protocol is used [2] . In a CoopMAC protocol, the nodes are assumed to be distributed in a certain region and each node keeps a table (known as CoopTable) containing the information corresponding to the helpers that can possibly assist the source during its transmission [2] . Before transmitting its packet, each node looks up the CoopTable to see if there is a helper that can improve the overall transmission rate. If there are several such helpers, the one with the latest feedback time is chosen for cooperation. The feedback time of a helper is the latest time a successful transmission is observed from that helper. In [3] , a similar protocol to CoopMAC has been proposed in which two helpers with the latest feedback times are chosen to assist the source. It is shown in [4] that a high-rate node assisting a low-rate node can improve its own throughput, delay and energy consumption. This is because by forwarding a low-rate node's data, the high-rate node can gain access to a free channel in a shorter time to complete its own transmission [4] . Observe that the creation and maintenance of the CoopTable needs additional memory at each node and increases the complexity of the system significantly [5] . Moreover, the performance of CoopMAC protocols which are based on the CoopTable severely degrades when the helpers are mobile. In order to address this problem, a new protocol based on CoopMAC has been proposed in [6] which separates the mobile helpers from the static ones by maintaining a history of the signal strength corresponding to each helper's overheard packets.
In [7] , a new cooperation protocol known as persistent relay carrier sensing multiple access (PRCSMA) has been proposed which employs an automatic retransmission request (ARQ) scheme to enhance the overall performance of the IEEE 802.11 protocol. In this protocol, each time a packet is received with error, the destination automatically transmits a claim for cooperation (CFC) packet to the other nodes, and requests for a retransmission of the original packet. In PRCSMA protocol, each idle node can act as a potential helper as long as it satisfies a set of relay selection criteria. This protocol is shown to improve the channel usage and to increase the transmission range [7] , although it has poor bandwidth efficiency [5] .
CoopMAC has been also investigated from other viewpoints in the literature. In [8] , it is shown that the network lifetime can be improved by employing CoopMAC. Also in [9] , a game theoretical approach has been proposed for analyzing a CoopMAC protocol with incentive design. In [10] and [11] , a novel helper selection scheme for the IEEE 802.11 CSMA-based MAC protocols has been proposed. In this scheme, a network coding technique is employed by the relays to improve the overall throughput of the network. The proposed scheme is also shown to decrease the delay significantly.
An important assumption which seems to be less investigated in the literature is the effect of shadowing on the performance of the CoopMAC-based protocols [12] . Shadowing occurs when there are obstacles that block the line-ofsight (LOS) path between two communicating nodes and can attenuate the transmitted signal power drastically. Therefore, it is a major impairment in wireless networks and must be taken into account in the design and evaluation of these networks [12] - [14] . In [12] , a new CoopMAC protocol has been proposed and the effect of uncorrelated shadowing on the average number of nodes that can receive a packet with desired quality of service (QoS) has been examined. In addition, the effect of correlated shadowing on the number of helpers that are capable of cooperation in a two-way network-coded relaying system has been studied in [14] .
Motivated by the above facts, in this paper we propose a new helper selection scheme for a CoopMAC network whose nodes are distributed according to a homogeneous two-dimensional Poisson point process (PPP) with a fixed density [15] , [16] . To the authors knowledge, the effect of random spatial distribution of the nodes on the overall throughput of the Coop-MAC networks seems to have received little attention in the literature. We assume the communication between any two nodes is subject to path loss and shadowing and derive exact expression for the throughput of the direct link between two arbitrary nodes in a random CoopMAC network. 1 We also find upper and lower bounds on the throughput of a cooperative link making use of our proposed helper selection scheme in 1 We assume in the following that in a Poisson CoopMAC network, the locations of the nodes constitute a two-dimensional PPP with a fixed density. the presence of shadowing. Our numerical results demonstrate that the proposed CoopMAC scheme has superior throughput performance, and its throughput is only slightly smaller than the upper bound in all the examined scenarios.
The rest of this paper is organized as follows. The conventional CoopMAC protocol and the shadowing model are introduced in Section II. In Section III, we divide the helpers into several tiers and explain our helper selection scheme and data transmission framework. The throughput of the proposed scheme in an arbitrary IEEE 802.11 protocol is evaluated in Section IV. In Section V, helper tiers are classified into five classes based on their operating regions, and upper and lower bounds on their cooperative throughputs are derived. In Section VI, the analysis presented in Section V is specialized to the IEEE 802.11b and IEEE 802.11ac protocols. Numerical results are provided in Section VII to verify the superiority of the proposed scheme over the conventional CoopMAC protocol. Concluding remarks are given in Section VIII.
II. SYSTEM DESCRIPTION AND MODELING
In this section, we first provide a brief description on how a CoopMAC protocol works. Then, the effect of shadowing on the probability of a successful transmission is examined.
A. The CoopMAC Protocol
Consider a wireless network whose nodes constitute a homogeneous two dimensional PPP with density λ. The nodes communicate with each other according to a carrier sense multiple access with collision avoidance (CSMA/CA) scheme in distributed coordination function (DCF) mode. This scheme is used in the IEEE 802.11 protocols to coordinate access to the shared medium. We assume the propagation delay is small enough to ensure that CSMA/CA provides a collisionfree environment for destination. Our network makes use of request-to-send (RTS)/clear-to-send (CTS) mechanism. In this mechanism, each node can distinguish whether the received packet is for itself or should be forwarded to another node.
A typical CoopMAC link making use of an RTS/CTS mechanism is shown in Fig. 1 [2] . Before any communication, the best helper must be selected based on a number of criteria from a set of potential helpers. Then, the source node transmits a cooperative RTS (CoopRTS) packet to the best helper and reserves a channel. We assume that the source and destination nodes know the locations of the potential helpers. This information can be acquired if the potential helpers broadcast their locations along with their MAC addresses through a simple handshaking. Note that there are many positioning techniques in the literature by which the potential helpers can determine their locations [17] - [19] . After the CoopRTS packet was sent, both source and destination nodes wait for the helper to respond. If the helper is willing to cooperate, it sends back a helper-ready-to-send (HTS) packet. Moreover, the destination node confirms the reservation of a channel by transmitting a CTS packet to the source [2] . If the source node receives both HTS and CTS packets, the cooperation starts and the helper forwards the data packets to the destination through cooperative link. If only CTS packet is received, the transmission is made through the direct link. If neither CTS nor HTS packets are received during a certain amount time, a timeout occurs and the transmission is declared as failed. The transmission is considered as successful when the source node receives an acknowledgment (ACK) packet from destination.
We assume in the sequel that d SH , d HD and d SD represent the source-to-helper, helper-to-destination and source-todestination distances, respectively. Moreover, R SH , R HD and R SD denote the transmission rates of source-helper (S-H), helper-destination (H-D) and source-destination (S-D) links, respectively. 2
B. Effect of Shadowing on Successful Transmission Probability
Shadowing refers to the case where the received signal power is affected by the objects obstructing the path between the transmitter and the receiver. In order to model the path loss plus shadowing effects, we assume that the received power in dB at destination node is given by [20, eq. (2.51)]
where P t is the transmitted power in dB and is assumed to be the same for all nodes (including the helpers), K is a constant in dB which depends on the antenna characteristics, α is the path loss exponent usually between 2 and 7, and ψ is a Gaussian random variable in dB units which represents the effect of shadowing and has mean zero and standard deviation σ ψ . Depending on the quality of service (QoS) requirements, a threshold for the received power 3 in dB, i.e., P th , is defined at the destination. Therefore, the probability of a successful transmission through the direct link between two nodes at distance d SD equals
Substituting for P r from (1) into (2), we obtain
∞ x e −u 2 /2 du is the Gaussian Q-function. Note that in our treatment, we assume that the argument of Q-function in (3) is always negative, or analogously 0.5 < P Succ Direct . Similarly, for a cooperative link (i.e., a link whose source and destination nodes communicate through a helper) the probability of a successful transmission can be obtained as
and P r, H and P r, D are the received powers at the helper and destination, respectively.
III. NETWORK CLASSIFICATION AND BEST HELPER SELECTION ALGORITHM
Any arbitrary IEEE 802.11 protocol (referred to as IEEE 802.11x in the sequel) is characterized by a finite set of link types corresponding to a finite set of transmission rates. These transmission rates are obtained by combining different features such as modulation and coding schemes (MCSs), number of spatial streams and operating bandwidths. Links with higher transmission rates are more susceptible to noise and particularly to fading as they make use of higher order modulation schemes [20] . As a result, for a desired bit error probability, higher data rates often lead to shorter transmission ranges. Therefore, for any given fading model (e.g., Rayleigh, Rician, Nakagami-m, etc.) a maximum transmission range should be assigned to each link type. In addition, link types are indexed such that the smaller the index the larger the transmission rate.
We assume that a helper is used only when it can improve the overall transmission rate between the source and destination nodes. In order to compute the overall rate of a cooperative link, we assume that the source wants to transmit L bits of information to destination through a helper. Denoting the transmission times of S-H and H-D links by t SH and t HD , respectively, we can obtain the cooperation time as
It is clear that the time taken for transmission of a sequence of L bits 4 over a link with a transmission rate of R bps equals L/R. Thus, the overall rate of the cooperative link (i.e., S-H-D link), is given by [6, eq. (1)]
where R SH and R HD are the S-H and H-D link rates. Assume now that cooperation is beneficial for the i th link type. Then, the helpers for the i th link type can be classified into K i tiers in a way that all helpers in Tier j have the same cooperative rate referred to as R j coop . Also assume that H i, j denotes the set of Tier j helpers ( j = 1, . . . , K i ) for the i th link type such that the smaller the helper tier, the larger the I   THE LINK TYPES AND THEIR CORRESPONDING TRANSMISSION  RATES IN AN IEEE 802.11X STANDARD corresponding cooperative rate is. As a result, a helper from a tier with a smaller index is more desirable for cooperation. Table I shows the link types as well as their corresponding transmission rates, operating ranges and helper sets. Note, importantly, that for any IEEE 802.11 protocol there might be several link types for which cooperation is of no benefit owing to the fact that the direct link has a larger rate than the cooperative link. Therefore, in Table I , some link types may have no helpers, and thus their corresponding helper sets is empty.
Algorithm 1 Best Helper Selection and Data Transmission
Framework for a Type i Link in an IEEE 802.11x Standard 1: Initialization:
if there is any Tier j helper then 5: create if an HTS packet is received then goto Step 16 11: else if H i, j is not empty then goto Step 8 12: else j = j + 1 goto Step 3 13: end if 14: end while 15: send an RTS packet 16: if a CTS packet is not received then 17: perform a random backoff and goto Step 1 18: end if 19 : send data 20: if an ACK packet is not received then 21: perform a random backoff and goto Step 1 22: end if 23: Transmission Complete Algorithm 1 represents a detailed explanation of the helper selection and transmission procedures for a Type i link in an IEEE 802.11x Standard. In this algorithm, helpers with smaller tier index have higher priority than those with larger tier index. In addition, when there are more than one helper from the same tier, the helper with maximum P Succ Coop is selected for cooperation. As a result, the helper selection procedure begins with a tier with the lowest index, i.e, j = 1, and continues until there is a Tier j helper for which R j coop > R i . When an appropriate helper is selected, the CoopRTS/CTS handshake is accomplished as explained in Subsection II-A.
IV. THROUGHPUT ANALYSIS IN THE PRESENCE OF SHADOWING
In this section, we evaluate the throughput of an IEEE 802.11x protocol in the presence of shadowing and path loss. For a link whose transmission rate equals R bps the throughput is given by
where P Succ is the average probability of a successful transmission through this link. We use eq. (7) in the following to find the throughputs of the link types presented in Table I . As mentioned earlier, in an IEEE 802.11x protocol, there may be communication links for which cooperation is of no benefit. Assuming that there are N 1 ≤ N such link types, we can obtain the throughput of the i th link type from eq. (7) as
where P Succ i is the average probability of a successful transmission through Type i link. In order to compute P Succ i , assume that the source node is the kth nearest neighbor of the destination node and
When the nodes are distributed according to a two dimensional homogeneous PPP with density λ, the probability density function (PDF) of r k is given by [22] 
where u(·) is the unit step function. Thus, using (3) along with (9) we can find the average probability of a successful transmission for a direct link as P
We now turn our attention to the remaining N − N 1 link types for which cooperation is beneficial. Suppose that a helper is available for one of these link types. Then, the resulting throughput (referred to as cooperative throughput) will be equal to R Coop P Succ Coop where R Coop and P Succ Coop were defined in (6) and (4a), respectively. Since the helpers are randomly distributed in the S-D plane, the average cooperative throughput is obtained by averaging R Coop P Succ Coop over the spatial distribution of the helper nodes. This can become quite complicated as it requires the joint PDF of d SH and d HD which is not easy to obtain. Moreover, the final result involves a three-fold integration which is difficult to evaluate. Therefore, in the next section we derive upper and lower bounds on P Succ Coop for cooperative links by defining different classes of helper tiers. These bounds are used to derive upper and lower bounds on the average cooperative throughputs of these links. Before proceeding further, we establish a fact which will be used in the sequel to obtain the probability that a helper of a given tier can be found for a cooperative link. Assume that we have a field of nodes distributed in a region R according to a two-dimensional PPP with density λ. Also assume that A is a subregion of R, i.e., A ⊆ R. Then the probability that a node X is located in A , provided that it is located in
where S(A ) and S(R) are the surface areas of A and R, respectively.
V. BOUNDS ON THE AVERAGE THROUGHPUT OF A COOPERATIVE LINK In this section we evaluate the maximum and minimum cooperative throughputs of a cooperative link. In the following subsections, the helper tiers are categorized into five different classes. Then, upper and lower bounds on the cooperative throughput for each class are derived. Fig. 2 illustrates a Class I tier for which the helper is located in the shaded area, C I , i.e., the intersection of two circles both with radius r 1 , centered at S and D. We now state and prove a lemma which gives bounds on the cooperative throughput of a Class I tier.
A. Class I Tiers
Lemma 1: The cooperative throughput of a cooperative link making use of a helper from a Class I tier with cooperative rate R Coop , is bounded as
Proof:
The proof of Lemma 1 is given in Appendix A. Fig. 3 shows a communication link making use of a helper from a Class II tier. A helper tier is regarded as Class II when it is located either in C II,1 which is characterized by or in C II,2 which is characterized by
B. Class II Tiers
Assuming that r 1 < r k , we use a procedure similar to that presented in the proof of Lemma 1 to obtain the maximum and minimum of P Succ Coop . This procedure is summarized in Lemma 2. Lemma 2: The cooperative throughput of a cooperative link which uses a helper from a Class II tier with cooperative rate R Coop is bounded as
The proof of Lemma 2 is given in Appendix B. Fig. 4 illustrates a typical cooperative link that utilizes a helper from a Class III tier. A helper from a Class III tier can be located either in C III,1 or in C III,2 (the shaded areas in Fig 4) . These areas are characterized as The maximum and minimum of P Succ Coop in this case are easy to obtain. Indeed, using eq. (4a) along with the fact that Q(x) is a monotonically decreasing function of x, we can readily see
C. Class III Tiers
Hence, the cooperative throughput of a cooperative link that utilizes a helper from a Class III tier with cooperative rate R Coop can be bounded as
D. Class IV Tiers
A typical cooperative link that uses a helper from a Class IV tier is depicted in Fig. 5 . A helper from a Class IV tier is located in C IV (the shaded area in Fig. 5 ) which is defined as
The maximum of P Succ Coop in this case is obtained using Lemma 1. Indeed, in this case the helper which maximizes P Succ Coop is located halfway between S and D. Again using the fact that Q(x) is a monotonically decreasing function of x, we can readily see that a relay located at K 1 or K 2 can achieve the minimum P Succ Coop . As a result we get
Hence, the cooperative throughput of a cooperative link that utilizes a helper from a Class IV tier with cooperative rate R Coop is bounded as Fig. 6 shows a cooperative link which uses a helper from a Class V tier. A helper from a Class V tier is located in C V (the shaded area in Fig. 6 ) which is characterized as
E. Class V Tiers
The maximum of P Succ Coop in this case is obtained using the procedure explained in the Lemma 2, i.e., a helper located at point M maximizes P Succ Coop . Again using the fact that Q(x) is a monotonically decreasing function of x, we can readily see that a relay located at K 1 or K 2 minimizes P Succ Coop . As a result we obtain
Hence, the cooperative throughput of a cooperative link that utilizes a helper from a Class V tier with cooperative rate R Coop is bounded as
F. Evaluation of the Upper and Lower Bounds
In order to derive upper and lower bounds on the average cooperative throughput, we require the probability that there exists at least one helper in one of the H i, j 's (i = N 1 + 1, . . . , N and j = 1, . . . , K i ). To this end, we first note that the source node is the kth nearest neighbor of D. Therefore, there should be exactly k − 1 nodes in a circle centered at D with radius r k (this region is referred to as W ). Suppose that C i, j denotes the operating region of nodes in H i, j , N(C i, j ) is the number of nodes in C i, j . Then, using the fact that C i, j ⊆ W along with (11) , one can define the probability that at least one helper exists in H i, j for a Type i link while there is no helper in the sets H i,1 , . . . , H i, j −1 as
In order to find P i, j , we use the fact that N(C i, j ) ≥ 0 to see
Now, using eqs. (11), (25) and (26) we obtain
In summary, for a Type i link making use of a Tier j helper, we can write
In order to derive upper and lower bounds on the cooperative throughput, we note that the operating region of a helper from any tier is of one the five classes discussed above. Thus, we can use the analysis conducted in Appendices VIII and VIII to obtain the locations at which a helper can achieve the maximum and minimum throughput. As a result, we can obtain the upper and lower bounds on the throughput of the i th link type as
where Hence, we can find the upper and lower bounds on the average throughput of a Type i link as
where 
VI. SPECIALIZATION TO THE IEEE 802.11b AND THE IEEE 802.11ac PROTOCOLS In order to illustrate the versatility of our proposed scheme, we derive in the next subsections the upper and lower bounds on the cooperative throughput for the IEEE 802.11b and the IEEE 802.11ac protocols.
A. IEEE 802.11b
In the IEEE 802.11b Standard, 22 MHz channels are used in the 2.4 GHz frequency band with a guard interval (GI) of 800 ns [1] . In a CoopMAC network based on this Standard, we can define five link types depending on the transmission rates and the distance between the source and destination nodes as illustrated in Table II [2] . In what follows we investigate if a helper can increase the transmission rate corresponding to each of the link types listed in Table II. 1) Type 1 and 2 Links: For Type 1 and 2 links, a helper cannot improve the transmission rate between the source and destination nodes. This is because the maximum value of R Coop is obtained when the denominator of the fraction on the right of (6) is minimized. Clearly, this minimum is attained when R SH = R HD = 11, and thus the maximum rate of the cooperative link becomes 5.5 Mbps which is not greater than R SD for any of these two link types. Therefore, using (3) along with (9), we can find the average probability of a successful transmission for Type 1 and Type 2 links as P Succ 1 = H(0, d 1 ) and P Succ 2 = H (d 1 , d 2 ) , respectively. The corresponding throughputs of these link types are, respectively, given by (33)  TABLE III   THE HELPER TIERS AND THE TRANSMISSION RATES FOR A TYPE 3 LINK   TABLE IV  THE HELPER TIERS AND THE TRANSMISSION RATES FOR A TYPE 4 LINK 2) Type 3 Links: For Type 3 links, there are four different cases where cooperation is beneficial, i.e., the overall transmission rate is greater than 2 Mbps. These cases lead to three different helper tiers which are summarized in Table III . Using eqs. (29) through (31), the average throughput of a Type 3 link can be bounded as
3) Type 4 Links: There are eight cases where a helper can improve the overall transmission rate of a Type 4 link as shown in Table IV . These cases result in five different helper tiers. Similar to Type 3 links, one can obtain the bounds on the average throughput of a Type 4 link as
4) Type 5 Links:
There are seven cases where a helper can improve the overall transmission rate of a Type 5 link. As shown in Table V , these cases result in four different helper tiers. Note, importantly, that a Type 5 link is established between two nodes whose distance is greater than 2d 1 . Thus, no helper can provide a cooperative rate of 5.5 Mbps in this case. For this link type, we can write 
B. IEEE 802.11ac
In this section, we assume that the communication links are based on the IEEE 802.11ac Standard. We assume that 20 MHz channels are used in the 5 GHz frequency band, and GI equals 800 ns [21] . Tables VI and VII show different link types and the corresponding helper tiers for the IEEE 802.11ac Standard. We investigate in the sequel whether a helper can increase the transmission rate corresponding to the link types listed in Table VI or not. 1) Type 1 Through 5 Links: As can be seen in Table VII , the maximum R Coop is obtained for the helpers in H i,1 and equals 43.35 Mbps. As a result, cooperation is of not benefit for the first five link types as their direct transmission rate is larger than 43.35 Mbps. Thus, using eq. (8) one can obtain  TABLE VII   THE HELPER TIERS AND THEIR CORRESPONDING COOPERATIVE RATES IN THE IEEE 802.11 ac STANDARD the throughputs of these link types as
2) Type 6 Links: For a Type 6 link, K 6 equals 2 as only helpers in H 6,1 and H 6,2 sets can lead to a cooperation rate that is greater than 39 Mbps. For these helper sets the cooperative rates equal 43.35 and 41.06, respectively. As a result, using eqs. (29) through (31), one can obtain the upper and lower bounds on the average throughput of a Type 6 link as
3) Type 7 Links: As shown in Tables VI and VII, for a Type 7 link K 7 = 14, i.e., helpers in the sets H 7,1 through H 7,14 are beneficial to the direct link. Hence, the average throughput of a Type 7 link can be bounded as (40) 4) Type 8 Links: As shown in Tables VI and VII, helpers that are in H 8,1 through H 8, 19 sets result in a cooperative rate that is greater than 19.5 Mbps. As a result, the average throughput is bounded as 19, 19 .5)f r k (r )dr. (41) 5) Type 9 Links: In this case, helpers that are in H i,1 through H i,28 sets can help increase the direct link rate, i.e., R SD = 13 Mbps. As a result, one can bound the average throughput as (42) 6) Type 10 Links: As shown in Tables VI and VII, for a Type 10 link K 10 = 36, i.e., any helper can lead to a cooperative rate that is greater than R SD = 6.5 Mbps. Thus, similar to Type 6 through 9 links, the average throughput of a Type 10 link can be bounded as VII. NUMERICAL RESULTS We have used computer simulation to evaluate the throughput performance of our proposed CoopMAC scheme for the IEEE 802.11b and IEEE 802.11ac Standards and illustrate its superiority over the conventional CoopMAC protocol. The throughput performance has been also compared to the upper and lower bounds derived in Section VI. As mentioned in Section I, in the conventional CoopMAC, each node maintains a CoopTable by listening to all ongoing transmissions. Helpers that can provide a cooperative rate larger than the direct transmission rate are stored in the CoopTable. In addition, a helper with more than three sequential failures is deleted from the CoopTable [2] . Table VIII shows the parameters that have been used in our computer simulation. Note that P th has been chosen to be −82 dBm in accordance with the IEEE 802.11ac Standard [21, Table 22 -25]. This equals the receiver's minimum input level sensitivity for MCS0 in this Standard. Throughout this section, we assume these parameters remain unchanged unless otherwise specified. The simulation results have been obtained using the Monte-Carlo method for two million independent realizations of a network whose nodes are distributed according to a two-dimensional PPP with density λ ∈ [0.0005, 0.005].
Figs. 7a through 7c show the contour plots of the cooperative throughput achieved by Type 3, 4 and 5 links in the IEEE 802.11b Standard, respectively. As seen in Fig. 7a , the achievable throughput for most of the helpers in H 3,1 is greater than 4.5 Mbps, and actually very close to G r k 2 , r k 2 × 5.5 Mbps. For the helpers in H 3,2 and H 3,3 , the maximum achievable throughputs are significantly less than the minimum throughput that can be achieved by a helper in H 3,1 . This explains why a Tier H 3,1 helper is superior to Tier H 3,2 and H 3,3 helpers in our proposed scheme. This behavior is also observed in Figs. 7b and 7c. Note that in Fig. 7c , the maximum cooperative throughput is significantly less than those of Figs. 7b and 7c. As mentioned in Section VI-A4, this is due to the fact that a Type 5 link cannot take advantage of a helper with cooperative rate of 5.5 Mbps.
The average throughputs of Type 3, 4 and 5 links making use of the proposed and the conventional CoopMAC schemes as a function of λ are shown in Fig. 8 . Also shown in this figure are the upper and lower bounds derived in Subsection VI-A. As seen in this figure, the average throughput of the proposed scheme is superior to that of the conventional CoopMAC for all the examined values of λ. Observe that as λ increases, the throughput of the proposed scheme becomes very close to the upper bound. This is because when λ increases, the probability of finding a helper whose cooperative throughput is close to that of the best helper (i.e., a helper located halfway between the source and destination nodes) also increases. Fig. 8 also shows that the average throughput of the conventional CoopMAC protocol is only slightly larger than the lower bound. To explain this, we note from Fig. 7 that a randomly selected helper is more likely to be from tier sets with larger index and the cooperative throughput that can be achieved through a helper from these sets is generally closer to the lower bound than the upper bound. Fig. 9 shows the average throughput as a function of λ achieved by the proposed and the conventional CoopMAC schemes for all link types in the IEEE 802.11b Standard. Observe that in this case, Type 1 and 2 links (whose direct transmission rates are 11 Mbps and 5.5 Mbps, respectively) also contribute to the average throughput. Therefore, the average throughput is approximately twice as large as those of Type 3 and 4 links shown in Fig. 8 . Note again that by increasing the density of nodes, the average throughput of the proposed scheme becomes closer to the upper bound.
The average throughput of the proposed and the conventional CoopMAC protocols for Type 6 through 10 links in the IEEE 802.11ac Standard as a function of λ are illustrated in Fig. 10 . The upper and lower bounds of the average throughput (derived in Subsection VI-B) are also shown for each link type. As seen in this figure, the throughput improvement due to the proposed scheme is quite remarkable. Observe that for a Type 6 link the average throughputs of the proposed and the conventional CoopMAC protocols are relatively close. This is owing to the fact that for this link type the cooperative throughput either equals 43.35 Mbps (when the helper is from H 6,1 set) or equals 41.06 (when the helper is from H 6,2 set). These cooperative throughputs are only slightly larger than the direct link rate, i.e., 39 Mbps. Note, again, that for Type 7 through 10 link types the average cooperative throughput of the proposed and the conventional CoopMAC schemes are very close to the upper and lower bounds, respectively. Fig. 11 shows the average throughput as a function of λ achieved by the proposed and the conventional CoopMAC schemes for all link types in the IEEE 802.11ac Standard. Expectedly, the average throughput in this case is larger than those of Type 6 through 10 links. This is because in this case, Type 1 through 5 links are also present and contribute to the average throughput of the network. Observe that when λ = 5 × 10 −3 the average throughput of the proposed scheme is approximately the same as the upper bound whereas the average throughput of the conventional CoopMAC protocol is not much larger than the lower bound.
VIII. CONCLUSION
In this paper, we considered an IEEE 802.11-based CoopMAC network and studied its throughput performance in the presence of shadowing and spatially distributed random nodes. We first defined several link types based on their achievable transmission rates and divided the potential helpers for each link type into several tiers according to the cooperative throughput that they can provide. Then, we defined five classes of the helper tiers characterized by the operating region of each tier, and determined the locus of the helpers in each class. In our proposed CoopMAC protocol, the helpers with the lowest tier index have a higher priority to be selected for cooperation. We derived upper and lower bounds on the average throughputs of different link types of the network. Our numerical results for the IEEE 802.11b and the IEEE 802.11ac Standards illustrated the superiority of our scheme over the conventional CoopMAC protocol. Indeed, in all the examined scenarios the average throughput of the proposed scheme was relatively close to the upper bound while the average throughput of the conventional scheme was slightly larger than the lower bound.
APPENDIX A PROOF OF LEMMA 1
We first note from Fig. 2 
that a helper is in
In order to maximize P Succ Coop = G(d SH , d HD ), one has to minimize the arguments of both Q-functions in (4a) owing to the fact that the Gaussian Q-function is strictly decreasing in its argument. Hence, one has to minimize d SH and d HD provided that the constraints (45a) through (45c) are satisfied. We first use proof by contradiction to show that the helper which maximizes P Succ Coop should be located on SD line segment in Fig. 2 . Then, we prove that the best helper is indeed located halfway between S and D.
Suppose that H * is a helper in C I that maximizes P Succ Coop and is not located on SD line segment, i.e., r k < d * SH + d * H D. Assume now that H ⊥ is the projection of H * on SD line segment, and thus
. Hence, our initial assumption that H * maximizes P Succ Coop is wrong and the helper with maximum P Succ Coop has to be located on SD line segment, i.e., (45c) should be changed to d SH +d HD = r k for this helper. Observe that for 0 < d SH < r k , Q ν + μ log 10 (d SH ) is a decreasing function of d SH whereas Q ν + μ log 10 (r k − d SH ) is an increasing function of d SH . In addition, the arguments of both Q-functions are negative and, thus, they are both concave functions of d SH . Consequently, the product of the Q-functions in (46) is a concave function of d SH provided that 0 < d SH < r k [24, Exercise 3.32 (b) ]. Differentiating the right of (46) with respect to d SH and equating it to zero we obtain d SH = r k 2 . Thus, the maximum cooperative throughput in this case is obtained when the helper is located halfway between S and D (point M in Fig 2) . Note that this result is optimum because it maximizes P Succ Coop and satisfies (45a) through (45c). To obtain the minimum value of P Succ Coop , one should maximize the arguments of both Q-functions in (4a) so that the inequality constraints given in (45a) to (45c) are satisfied. This occurs when d SH = d HD = r 1 m, i.e., the helper is located on K 1 or K 2 in Fig. 2 . In summary, we can write
which results in (12) .
APPENDIX B PROOF OF LEMMA 2
As shown in Fig. 3 , a helper from a Class II tier is located either in C II,1 which is characterized as
or in C II,2 characterized as d HD ≤ r 1 , r 1 ≤ d SH ≤ r 2 , r k ≤ d SH + d HD . (49a)
Similar to the proof given for a helper from a Class I tier, we first show that the maximum P Succ Coop is achieved through a helper that is located on the SD line segment. Again, we use a proof by contradiction. Assume that H * is a helper in C II,1 through which the maximum P Succ Coop is achieved. Also assume that H is another helper in C II,1 which is located on the SD line segment such that d * 
which follows from the fact that the Gaussian Q-function is monotonically decreasing in its argument. In consequence, using (4b) we can obtain G(d * SH , d * H D) < G(d SH , d H D ) which contradicts our initial assumption that G(d * SH , d * H D) > G(d SH , d H D ). This argument is also true for the case where the helpers are located in C II,2 . As a result, the helper with maximum P Succ Coop must be located on the SD line segment. Hence, the maximum P Succ
Coop for the best helper should be obtained from (46). As seen in Appendix A, the product of the Q-functions on the right of (46) is a concave function of d SH whose maximum is attained at d SH = r k 2 . For a helper from a Class II tier that is located on the SD line segment, d SH cannot be equal to r k 2 . However, considering the concavity of G(d SH , r k − d SH ) in d SH for 0 < d SH < r k , we conclude that the maximum of G(d SH , r k − d SH ) is attained at d SH = r k −r 1 (M 1 in Fig. 4 ), or at d SH = r 1 (M 2 in Fig. 4) .
To obtain the minimum of P Succ Coop we note from (4a) that the Q-functions are both minimum when their arguments are maximum. This minimum is attained at d SH = r 1 and d HD = r 2 when the helper is located in C II,1 (K 1 and K 2 in Fig. 4 ), or at d SH = r 2 and d HD = r 1 when the helper is located in C II,2 (K 3 and K 4 in Fig. 4 ). Thus, P Succ Coop can be bounded as
which leads to (15) .
